We recently showed that the developing gut is a significant site of methionine transmethylation to homocysteine and transsulfuration to cysteine. We hypothesized that sulfur amino acid (SAA) deficiency would preferentially reduce mucosal growth and antioxidant function in neonatal pigs. Neonatal pigs were enterally fed a control or an SAA-free diet for 7 days, and then whole body methionine and cysteine kinetics were measured using an intravenous infusion of [1-13 C;methyl-2 H3]methionine and [
INCREASING EVIDENCE INDICATES that sulfur amino acids (SAAs), methionine and cysteine, are implicated in numerous biological functions and diseases, aside from their role in protein synthesis. Methionine is an indispensable amino acid and is transmethylated intracellularly to homocysteine via S-adenosylmethionine (SAM), the principal biological methyl donor in mammalian cells and a precursor for polyamine synthesis (25) . Homocysteine is a sulfur-containing amino acid present in blood and tissues but not incorporated into protein (22) . Homocysteine can be converted to cysteine via cystathionine through the transsulfuration pathway, an irreversible process (36) . Homocysteine can also be methylated back to methionine via the remethylation pathway. The combination of transmethylation and remethylation pathways comprises the methionine cycle, which occurs in most cells. However, the transsulfuration pathway has a limited tissue distribution and is restricted to the liver, kidney, intestine, and pancreas (6) . Cysteine is considered a semi-indispensable amino acid, the availability of which is dependent on methionine intake (36) . Cysteine is a constituent amino acid of the tripeptide glutathione (␥-GluCys-Gly), the major cellular antioxidant in mammals, and serves also as a precursor for the synthesis of taurine, sulfate, and coenzyme A (36) .
The gastrointestinal tract is a metabolically significant site of SAA metabolism in the body (8) . Our recent studies in infant pigs indicate that the gastrointestinal tract metabolizes 20% of dietary methionine intake, which is mainly transmethylated to homocysteine and transsulfurated to cysteine (34) . The gastrointestinal tract accounts for ϳ25% of whole body transmethylation and transsulfuration and is a site of net homocysteine release (34) . Studies also show that methionine requirements are ϳ30% higher in enterally fed than in parenterally fed piglets, further confirming the important first-pass metabolic demand of the gut (35) . SAAs, especially cysteine, play a key role in cellular redox function and susceptibility to oxidant stress in the intestine (13, 18) . Glutathione constitutes the most important intracellular antioxidant, has a critical function in cellular detoxification against oxidative and chemical injury, and has a variety of cytoprotective effects (44) . Maintaining normal redox status is particularly important in intestinal epithelial cells, which are exposed to high levels of oxidant stress because of the high rate of oxidative metabolism, as well as exposure to luminal toxins and oxidants derived from the diet. Studies in intestinal epithelial cells indicate that increased oxidant stress and redox imbalance suppress cell proliferation and induce apoptosis, in association with a higher oxidized glutathione and cysteine state (17, 30, 32) . However, changes in the extracellular cysteine-to-cystine redox status per se have been shown to mediate proliferative signaling that is independent of the intracellular GSH/GSSG status in colon cancer cells (1, 31) . Thus it is evident that cysteine availability is important for maintenance of epithelial cell glutathione level and cell survival.
In this context, we hypothesized that given the high cellular turnover and metabolic activity of the gut, enteral SAA deficiency would preferentially reduce intestinal epithelial growth and antioxidant function in neonatal pigs. To test this hypothesis, we investigated the effect of dietary SAA deficiency on intestinal epithelial cell proliferation and the redox status in neonatal pigs enterally fed a control or an SAA-free diet for 7 days. Also, using infusion of [ 
MATERIALS AND METHODS

Animals and Diets
The study protocol was approved by the Animal Care and Use Committee of Baylor College of Medicine and was conducted in accordance with National Institutes of Health guidelines. The study was performed on 3-day-old, female cross-bred piglets (2.1 Ϯ 0.3 kg body wt) obtained from the Texas Department of Criminal Justice (Huntsville, TX). On arrival at the animal facility at the Children's Nutrition Research Center, the piglets were surgically implanted with Silastic catheters in the external jugular vein, carotid artery, and stomach under isoflurane general anesthesia, as described previously (9) . Postoperatively, they were placed on total parenteral nutrition, including elemental nutrients (glucose, amino acids, lipids, electrolytes, trace minerals, and vitamins), as described previously (9) : 160 Na, 544 Cl, 312 K, 100 P, 25 Mg, and 129 Ca), and trace minerals and vitamins sufficient to meet the nutrient requirements for young piglets (National Research Council, 1998). The amount of methionine and cysteine in the control diet was 0.25 g⅐kg Ϫ1 ⅐day
Ϫ1
, such that the total SAA intake was 0.50 g⅐kg Ϫ1 ⅐day
. The second group (n ϭ 7) received an SAA-free diet with the same composition as the control diet except for the amino acids. Methionine and cysteine from the control diet were replaced by a mixture of glutamine, glycine, and alanine, such that both diets were isonitrogenous; the final concentrations of glutamine, glycine, and alanine in the SAAfree diet were 7.54, 2.94, and 3.92 g/l, respectively.
Pigs were weighed daily to adjust the rates of diet infusion. Arterial blood samples (1 ml) were collected in EDTA-containing tubes daily, and the hematocrit was immediately determined using a microcapillary reader after centrifugation. Plasma and erythrocytes were separated by centrifugation (10 min at 3,000 rpm and 4°C) and stored at Ϫ70°C until analysis.
Infusion and Sampling Protocol
The infusion and sampling protocol is depicted in Fig. 1 , and 10 h, arterial blood samples (1.5 ml) were also collected for analysis of isotopic enrichment of methionine and cysteine tracers.
At the end of the 10-h infusion, all pigs were euthanized with an intravenous injection of pentobarbital sodium (50 mg/kg) and phenytoin sodium (5 mg/kg; Beutanasia-D, Schering-Plough Animal Health, Kenilworth, NJ). The abdomen was opened, and the entire small intestine distal to the ligament of Treitz to the ileocecal junction was immediately flushed with ice-cold saline. Then the small intestine was divided into two equal portions: the proximal half was designated the jejunum and the distal half the ileum. After they were weighed, samples from respective sections were placed in 10% buffered formalin for 24 h and then 70% ethanol for histological analysis, and the remaining tissue sample was snap frozen in liquid nitrogen and stored at Ϫ70°C until analysis for tracer enrichments and protein and DNA contents, as described previously (7) . A piece of colon was flushed with ice-cold saline and placed in 10% buffered formalin for 24 h and then 70% ethanol for histological analysis. Liver, stomach, and spleen were weighed, and a piece of liver was snap frozen in liquid nitrogen and stored at Ϫ70°C until analysis for tracer enrichments and protein and DNA contents, as described previously (7).
Amino Acid and Total Glutathione Concentration
Plasma and tissue (jejunum, ileum, and liver) free amino acid and taurine concentrations were determined by reverse-phase HPLC of their phenylisothiocyanate derivatives, as described previously (37) . Tissue SAM, S-adenosylhomocysteine (SAH), and methylthioadenosine (MTA) concentrations were quantified by reverse-phase HPLC, as described by Farrar and Clarke (14) . Plasma, erythrocyte, and tissue homocysteine, cysteine, and glutathione concentrations were quantified by reverse-phase HPLC after derivatization with O-phthalaldehyde using the method described by Wu et al. (43, 45) . Briefly, samples were acidified with 1.5 M perchloric acid (PCA) and 12 mM iodoacetic acid (1:1, vol/vol) and then neutralized with 2 M K 2CO3. The supernatant was reduced with 28 mM ␤-mercapthoethanol and then treated with 25 mM iodoacetic acid to form S-carboxylmethyl derivatives.
Redox Potential Calculations
Plasma and tissue redox potential values (E h) were calculated from the cysteine-cystine couple using the Nernst equation at pH 7. (19) .
Morphometry, Goblet Cell Content, and Mucosal Cell Proliferation
Morphometric analysis was performed on formalin-fixed intestinal samples (jejunum, ileum, and colon) that were embedded in paraffin, sectioned (ϳ5 m), and stained with hematoxylin and eosin, as described previously (10) . The mean gut section area, villus height and area, and crypt depth were measured in at least three gut sections per tissue using an Axiophot microscope (Carl Zeiss, Werk Göttingen, Germany) and NIH Image software (version 1.60, National Institutes of Health, Bethesda, MD). The longest 15-20 well-oriented villi and crypts were used for the mean villus height and crypt depth. Goblet cell content was determined in villi and crypts of hematoxylin-eosinstained gut tissue by a single, trained and blinded observer counting the number of goblet cells in 10 -15 well-oriented crypts.
Mucosal crypt cell proliferation was determined using Ki-67 immunohistochemistry staining on formalin-fixed, paraffin-embedded, and sectioned (ϳ5 m) gut tissue. Sections were incubated for 1 h at 60°C, deparaffinized, and rehydrated (xylenes, 100% ethanol, and 95% ethanol). Sections were treated with EDTA antigen retrieval for 25 min in a steamer. After incubation with 3% hydrogen peroxide in methanol for 10 min to block endogenous peroxidase, the sections were covered with 2% normal mouse-2% normal goat serum in PBS-Tween for 20 min at room temperature to block nonspecific binding sites. After 30 min of incubation with the primary antibody (1:1,000 dilution; catalog no. VP-k451, Vector Laboratories), the sections were incubated with the goat anti-rabbit secondary antibody for 30 min and Vector Elite ABC kit for 45 min. Detection was carried out using the chromagen 3-amino-9-ethylcarbazole. The sections were counterstained with hematoxylin and dehydrated, and coverslips were applied in an aqueous mounting medium. The proportion of proliferating crypt cells was quantified by a single, trained and blinded observer counting the number of Ki-67-positive cells (Ki-67-stained nuclei) in 10 -15 well-oriented crypts.
Enzyme Assays
Frozen gut (jejunum and ileum) and liver tissues were homogenized (1:5, wt/vol) in 0.04 M potassium phosphate buffer (pH 7.5) containing 1 mM EDTA and 10 mM ␤-mercaptoethanol, as described by Lambert et al. (20) . Methionine synthase (MS) and cystathionine ␤-synthase (CBS) activities were determined as described previously (20) in the presence of 1 mM SAM for CBS activity assay (33) . Methionine adenosyltransferase (MAT) activity was assayed by measurement of the formation of SAM by HPLC using a modified method described by Farrar and Clarke (14) . Briefly, tissue extract (100 l) was incubated for 60 min at 37°C in the presence of (in final concentrations) 135 mM Tris ⅐ HCl (pH 8.2), 180 mM KCl, 265 mM MgCl 2, 5 mM DTT, 16 mM ATP, 265 M SAM, and 5 mM methionine at a final volume of 400 l. The reaction was stopped with 100 l of 2 M PCA, neutralized with 4 M KOH, and then analyzed by HPLC, as described previously (14) . Each enzyme activity is expressed as nanomoles of product synthesized per hour per milligram of protein in the tissue extract.
Mass Spectrometry
Plasma and tissue (jejunum, ileum, and liver) isotopic enrichments of [1-
and [
15 N]cysteine were quantified on the heptafluorobutyric anhydride derivatives by GC-MS. For plasma preparation, we used a modified method from Davis et al. (12) . Briefly, plasma samples were acidified with 10% trichloroacetic acid, amino acids were separated by cation exchange (AG 50W-X8, 100 -200 mesh, hydrogen form resin; Bio-Rad, Richmond, CA), treated with DTT (Sigma-Aldrich, St. Louis, MO), and derivatized with heptafluorobutyric anhydride. Tissue samples were homogenized and deproteinized with 2 M PCA, and the PCA-soluble (tissue-free pool) and acid-insoluble (protein-bound pool) fractions were subjected to mass spectrometric analysis similar to that described previously (37) .
GC-MS analysis was performed by negative chemical ionization on a GC-MS (model HP-6890/5973 MSD, Hewlett Packard, Palo Alto, CA) using a 30-m-long, 0.25-mm-ID column (0.5 m film thickness, model HP-5ms; Agilent Technologies, Palo Alto, CA). Separate runs were performed for methionine, homocysteine, and cysteine. The abundance of specific ions was determined by selected-ion monitoring at the following mass-to-charge ratios: methionine (367-368-371), homocysteine (549-550), and cysteine (335-336). Isotopic enrichments were expressed as molar percent excess (MPE) of labeled to unlabeled isotopomer ratios [tracer-to-tracee ratios (TTR)] after correction for natural abundance and standard curves, where MPE ϭ [TTR/(TTR ϩ 1)] ϫ 100, as defined by Wolfe and Chinkes (42) . Blood 13 CO2 enrichment was determined by gas isotope ratio mass spectrometry (40 
Whole Body Methionine and Cysteine Kinetics
Plateau enrichments were calculated as the mean of the plasma isotopic enrichments for the 8-to 10-h time points, where the steady state was achieved.
Methionine. Plasma methionine kinetics were calculated on the basis of the model of Storch et al. (38) using methionine enrichment (without correction for intracellular dilution of methionine) or homocysteine isotopic enrichments to correct methionine fluxes, as described by MacCoss et al. (22) .
Methionine carboxyl flux (Q c) refers to the rate of appearance of the methionine carboxyl group from protein breakdown and the tracer infusion. However, plasma [1- 13 C]homocysteine enrichment reflects the intracellular methionine enrichment, because methionine is transmethylated to homocysteine intracellularly. Thus whole body Methionine methyl flux (Qm) includes the same methionine sources described for Qc, as well as the production of methionine via remethylation of homocysteine. With methionine as precursor, the whole body Qm (mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) was calculated as follows
Qm cannot be calculated using directly [ 
, equivalent to the methionine oxidation, was calculated using methionine or homocysteine as precursor of the transsulfuration pathway, as follows
The rates of methionine transmethylation (TM) and protein synthesis (TM and PS, mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) were calculated as follows 
Statistics
Values are means Ϯ SE. Comparison of control with SAA-free values was performed with the two-tailed Student's test for unpaired data. The whole body methionine kinetic values calculated with methionine or homocysteine isotopic enrichments were compared using the two-tailed Student's test for paired data in each group. Statistical significance was assigned at P Ͻ 0.05.
RESULTS
Blood and Tissue Concentrations of SAAs and Their Metabolites
Dietary SAA deficiency caused a marked decrease in plasma methionine, homocysteine, cysteine, cystine, and taurine concentrations (Ϫ55% to Ϫ85%), as well as erythrocyte homocysteine (not shown) and total glutathione concentrations (Ϫ46% to Ϫ53%) compared with a control diet ( Table 1) . Although the plasma cystine concentration was lower in the SAA-free than in the control group, the proportion of cystine constituted 45% of the total cyste(i)ne (cysteine ϩ cystine) in SAA-free pigs compared with 22% in the control pigs. In the tissue, a lower concentration of homocysteine, taurine (not significant in the jejunum), and total glutathione was found in the jejunum, ileum, and liver of SAA-free than control pigs (Table 1) . Methionine (Ϫ52% and Ϫ42%) and cysteine (Ϫ84% and Ϫ67%) concentrations were significantly lower in the jejunum and ileum, respectively, but were not different in the liver, of SAA-free animals compared with control animals. The cystine concentration was higher (ϩ12% to ϩ24%) in the three tissues, but only significantly in the ileum of SAA-free than control pigs. Although SAM (Ϫ29%) and SAH (Ϫ49%) concentrations were lower in the liver, SAM concentration was significantly higher (ϩ140%) in the jejunum than in the ileum in SAA-free than control pigs; no difference in SAH concentration was observed in the small intestine between the two groups. In addition, no difference was noted for MTA concentration between the two groups in the three tissues, but the MTA level was higher in the jejunum than in the ileum and liver.
Plasma and Tissue Redox Status
During the 7-day period, plasma E h , determined from the cysteine-cystine couple, was significantly increased from the 2nd day of enteral nutrition in SAA-free compared with control pigs ( Fig. 2A) because of the significant decrease in plasma cysteine (Fig. 2B ) and cystine (data not shown) concentrations. The redox potential was significantly higher in the jejunum and the ileum, but not different in the liver, of SAA-free animals compared with control animals (Fig. 2C) . Values (mol/l blood and nmol/g tissue) are means Ϯ SE of 9 piglets fed the control diet and 7 piglets fed the sulfur amino acid (SAA)-free diet. SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; MTA, methylthioadenosine; NA, not analyzed.
a Glutathione concentration was measured in erythrocytes, since glutathione was not detectable in plasma. *P Ͻ 0.05; †P Ͻ 0.01; ‡P Ͻ 0.001 vs. control.
Isotopic Enrichments
The steady-state plasma isotopic enrichment (MPE) of [1- Table 2 were calculated as the mean of plasma isotopic enrichments between 8 and 10 h of infusion for [1- (Fig. 1) . Overall, isotopic enrichments of methionine, homocysteine, and cysteine in plasma and tissue were higher in SAA-free than control pigs, with higher enrichments in the jejunum than in the ileum ( Values are means Ϯ SE of steady-state plasma isotopic enrichments calculated as mean of plasma isotopic enrichments for 8-to 10-h time points and expressed as molar percent excess. Only tissue "free-pool" enrichments are shown; data for tissue "protein-bound pool" are not shown. *P Ͻ 0.05; †P Ͻ 0.01; ‡P Ͻ 0.001 vs. control. 
Whole Body Methionine and Cysteine Metabolism
Whole body V CO 2 was significantly different between the two groups (52.5 Ϯ 4.0 and 36.6 Ϯ 2.4 mmol⅐ kg Ϫ1 ⅐h Ϫ1 in control and SAA-free, respectively, P Ͻ 0.01). Whole body methionine and cysteine kinetics are shown in Table 3 . Whole body methionine kinetics were calculated based on the model of Storch et al. (38) using methionine isotopic enrichments, without correction for the intracellular isotopic dilution of methionine, or homocysteine isotopic enrichments to correct methionine fluxes, as described by MacCoss et al. (22) . In both treatment groups, all estimates of whole body methionine kinetics using homocysteine were significantly higher than those using methionine isotopic enrichments; this includes estimates of methionine Q m and Q c , as well as TM, TS, RM, and PS. However, the mean difference in the calculated methionine fluxes using methionine or homocysteine enrichment was 19% in the control group but was much higher (64%) in the SAA-free group.
In general, the rates of whole body methionine kinetics, corrected with homocysteine isotopic enrichments, were markedly lower in SAA-free than control pigs. To estimate the metabolic fate of methionine via TM, TS, and PS, we calculated the fractional rates relative to whole body methionine flux (Q m ; Table 3 ). The fraction of methionine metabolized via TM (TM/Q m ) and PS (PS/Q m ) was approximately equal in control pigs (0.48 and 0.52, respectively); however, in SAA-free pigs the fraction of methionine used for PS was higher than for TM (0.34 and 0.66). Thus the fractional rate of TM decreased, whereas PS increased, in SAA-free compared with control pigs. Once methionine enters the methionine cycle via conversion to SAM and transmethylation to homocysteine, there are two metabolic fates: remethylation back to methionine or transsulfuration to cysteine (Table 3) . Of the whole body methionine that was metabolized via TM, the fraction remethylated back to methionine (RM/TM) was 0.43, whereas the fraction (TS/TM) metabolized via TS was 0.57, in control pigs. However, in SAA-free pigs, the fraction metabolized via RM was higher (0.64) and the fraction metabolized via TS was lower (0.36).
Whole body methionine kinetics from our previous study (34) are also depicted in Table 3 , where rates were calculated using methionine and homocysteine isotopic enrichments. In our previous study, 3-wk-old pigs received a 6-h intravenous infusion of [1- 13 C]methionine and [methyl-2 H 3 ]methionine at 10 mol⅐kg Ϫ1 ⅐h Ϫ1 for each methionine tracer. Recalculating these results, we also found significantly lower (Ϫ24%) whole body methionine fluxes (Q m and Q c ) when methionine was used as the precursor than when homocysteine was used as the precursor. Interestingly, the methionine fluxes (Q m and Q c ) were significantly higher (ϩ14% to ϩ36%) in the control neonatal pigs of the present study than in the infant pigs in our previous study (34) . In addition, we found higher whole body flux rates of TM (ϩ151%), TS (ϩ86%), and RM (ϩ390%) in the present study than in our previous study (34) ; yet we found no difference in PS rates. However, the fractional methionine metabolism via TM (TM/Q m ) and that via TS (TS/Q m ) were higher and PS (PS/Q m ) was lower in the present study than in our previous study (34) . Moreover, the fractional rate of RM (RM/TM) was higher and the TS (TS/TM) was lower in the present study than in our previous study. In addition to methionine kinetics, we also found a significantly lower (Ϫ82%) whole body [ 15 N]cysteine flux in SAA-free than control pigs.
Body and Tissue Weight and Tissue Protein and DNA Mass
During the 7-day enteral nutrition period, the body weight gain decreased markedly (Ϫ70%) in SAA-free pigs compared with control pigs (Table 4 ). After 7 days of enteral nutrition, jejunum and ileum weight, expressed as a proportion (g/kg) of body weight, was significantly lower (Ϫ39%) in SAA-free than control pigs. However, no significant differences in liver, stomach, and spleen weight were observed between the two groups. Protein and DNA masses were lower in the small intestine and liver (not significant for DNA mass in the liver) of SAA-free than control animals.
Morphometry, Goblet Cell Content, and Mucosal Cell Proliferation
Histological analysis of the intestine (jejunum, ileum, and colon) showed lower (Ϫ20% to 40%) gut section area, villus height, villus area, and crypt depth (not different in the ileum; Fig. 3, B-E) , as well as a lower (Ϫ60%) absolute number of goblet cells, in the villi and crypts of the jejunum in SAA-free than control pigs, but the difference was not significant in the ileum (Fig. 3, F and G) in SAA-free compared with control pigs. In addition, the absolute number of Ki-67-positive proliferative crypt cells was lower (Ϫ40%) in the jejunum and colon of SAA-free than control pigs (Fig. 4B) .
Methionine Metabolic Enzyme Activity in the Tissue
MAT activity was increased in the jejunum (ϩ306%) and ileum (ϩ288%), but not in the liver, whereas MS activity was higher (ϩ102% to ϩ325%) in all three tissues of the SAA-free than control pigs (Fig. 5) . We also found a higher CBS activity in the jejunum (ϩ318%) of the SAA-free than control pigs, but not in the ileum or liver.
DISCUSSION
The main objective of the present study was to characterize the impact of enteral SAA deficiency on normal intestinal mucosal growth and antioxidant function in neonatal pigs. Our previous work (34) and that of others (35) showed that the gut is an important site of whole body methionine metabolism in the neonatal pig, consuming ϳ20 -30% of the dietary intake, and much of the methionine used by the gut is metabolized via transmethylation and transsulfuration. We also were especially interested in the impact of SAA deficiency on the intestinal growth, since previous reports suggest that SAAs are key precursors for maintenance of cell redox status via GSH synthesis, which is a critical determinant of epithelial cell proliferation. Our results showed that SAA deficiency preferentially reduced intestinal growth compared with growth of other tissues such as liver and spleen. Moreover, we showed that SAA deficiency suppressed intestinal epithelial cell proliferation, especially in the jejunum and, as expected, SAA and GSH concentrations in the small intestine. Our isotope kinetic approach using [1-13 C;methyl-2 H 3 ]methionine also showed that methionine is preferentially conserved for protein synthesis under SAA-deficient conditions, whereas transmethylation and transsulfuration are suppressed.
Whole body methionine kinetics were quantified using the [1-13 C;methyl-2 H 3 ]methionine tracer approach based on the model of Storch et al. (38) . Storch et al. assumed that the intracellular dilution of methionine was the same as that observed for intracellular leucine by Matthews et al. (26) , which is 20% lower than plasma leucine enrichment; yet this assumption does not reflect the true physiological effect of methionine metabolism. In the present study, we used plasma homocysteine enrichments to correct the intracellular methionine enrichments, as described by MacCoss et al. (22) , since plasma homocysteine can be derived only from intracellular homocysteine formed by transmethylation of methionine. In our calculations, the correction with homocysteine, rather than methionine, enrichments led to higher whole body methionine kinetic rates, but the increase was disproportionally higher in the SAA-free group (ϩ64%) than in the control group (ϩ19%). This discrepancy in flux estimates between the groups emphasizes the importance of the kinetic model used to quantify factors that regulate methionine metabolism.
All measures of methionine flux and metabolism were markedly lower in SAA-free than control pigs, as we expected, because of the dietary treatment; this occurred whether (or not) the whole body methionine kinetic rates were corrected with homocysteine enrichments. However, the relative metabolic fate of whole body methionine in SAA deficiency conditions was also altered, such that more methionine was directed to protein synthesis, rather than transmethylation and transsulfuration pathways. Although less methionine was metabolized via the transmethylation to homocysteine, the fractional rate of homocysteine remethylation back to methionine was markedly higher in SAA-free than control pigs. This result is consistent with the findings of Storch et al. (38) , where 67% of the homocysteine formed was remethylated in adult men given a methionine-and cystine-free diet for 5 days. Under methionine-free conditions, methionine is derived largely from proteolysis and the remethylation of homocysteine. Thus our results suggest that, under SAA-free conditions, whole body methionine metabolism is prioritized so as to preserve methionine for protein synthesis, whereas most of the methionine transmethylated to homocysteine is remethylated to maintain the methionine needs.
We also compared results of the present study using 1-wkold neonatal pigs with results of our previous study using 1-mo-old pigs (34) . In general, whole body methionine fluxes and metabolic rates were significantly higher in the control group from present study than in our previous study. These findings can be explained in part by the difference in age between the animals. However, despite the higher overall methionine fluxes, the fractional methionine metabolism via transmethylation (TM/Q m ) and that via transsulfuration (TS/ Q m ) were higher, yet the protein synthesis (PS/Q m ) was lower, in the present study of 1-wk-old pigs than in the previous study of 1-mo-old pigs. Moreover, the fractional remethylation rate (RM/TM) was twice as high in neonatal as in infant pigs, indicating a more active methionine cycle. Interestingly, the absolute rate of whole body protein synthesis was not significantly different between neonatal and infant pigs. These results suggest higher overall methionine requirements in the neonatal than in the infant pigs, not so much for protein synthesis but, rather, for the synthesis of SAM, the principal methyl donor in mammalian cells and a precursor for polyamine synthesis (25) .
Another important metabolic function of methionine is transsulfuration in the synthesis of cysteine and, ultimately, glutathione and taurine (16, 21) . Cysteine is the limiting amino acid for glutathione synthesis, and it is the only precursor for taurine synthesis (39) . Thus the lower transsulfuration rate and cysteine flux in SAA-free than control pigs resulted in lower blood concentrations of glutathione and taurine. Along with glutathione and taurine, cysteine plays an important role as an extracellular reducing agent (2, 5, 27) . Cysteine (Cys) and its disulfide cystine (CySS) comprise the predominant low-molecular-weight thiol/disulfide pool found in the plasma and central Fig. 3 . Intestinal cross sections stained with hematoxylin and eosin (A) and morphological parameters (B-G) of jejunum, ileum, and colon of piglets continuously enterally fed a control or an SAA-free diet for 7 days. Values are means Ϯ SE of 9 control and 7 SAA-free animals. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001 vs. control.
to the maintenance of the redox state of plasma proteins (19) . The present data show that dietary SAA deficiency leads to a more oxidized status of the Cys/CySS E h in plasma, consistent with the previous report (29) .
The impact of dietary SAA deficiency on organ growth appeared to be specific to the intestine. When expressed relative to body weight, we found a lower small intestine weight in SAA-free than control pigs; yet there were no differences in the liver, stomach, and spleen. Moreover, the DNA mass was also lower in the small intestine but not the liver of SAA-free than control pigs. The lower DNA mass was reflected in intestine villus atrophy and lower crypt depth and crypt cell proliferation, especially in the jejunum. Redox status influences intestinal epithelial cell proliferation and apoptosis, where increased oxidant stress and redox imbalance suppress cell proliferation and induce apoptosis (3) . Intestinal redox balance is a complex process involving GSH/GSSG and the Cys-CySS couple (1, 3,  31) . Depletion of GSH, induced by buthionine sulfoximine, suppressed growth of jejunal and colonic epithelial cells, and this could be prevented by GSH administration (23) . In this study under SAA-free conditions, we found a significant increase in E h , calculated from the Cys-CySS couple. Inasmuch as cysteine, glutathione, and taurine possess an antioxidant activity (2), the oxidant stress generated by the low concentration of these molecules, together with reduced protein synthesis, may be responsible for the intestinal mucosal atrophy observed in the SAA-free animals.
As part of the methionine cycle, homocysteine is produced, and our previous study showed that the gut is a net site of homocysteine release into the body (34) . In the present study, plasma and tissue homocysteine concentrations were lower in the SAA-free than in the control group. However, in the SAA-free pigs, we found that the isotopic enrichment of homocysteine in the gut and liver tissue was nearly equal to that of the plasma and substantially higher than tissue methionine. Inasmuch as homocysteine is synthesized intracellularly from methionine via the transmethylation pathway, these results indicated that the tissue homocysteine pool was derived from plasma uptake, rather than intracellular synthesis, or that subcellular compartmentation of these pools exists. We also found a higher (2-fold) fractional rate of remethylation estimated with [M ϩ 1]/[M ϩ 4] methionine enrichment in the jejunum and the ileum of the SAA-free than control pigs. This was consistent with higher MS activity in the jejunum and ileum of SAA-free than control pigs. MS is ubiquitously distributed and is a dominant enzyme that catalyzes the synthesis of methionine from homocysteine in the intestine (6) . The transsulfuration pathway is an irreversible process that converts homocysteine to cysteine. In contrast to the methionine cycle, the transsulfuration pathway is restricted to the liver, kidney, intestine, and pancreas (6), and we previously showed that CBS, the rate-limiting enzyme in the transsulfuration pathway, was expressed in intestinal epithelial cells of piglets (34) . Although we cannot estimate the fractional rate of transsulfuration, the low amount of cysteine and glutathione found in the jejunum and ileum of SAA-free pigs suggests a low transsulfuration rate. Thus, as with the whole body metabolism, methionine catabolism via transsulfuration is limited to preserve methionine for protein synthesis. These factors contribute to the low intestinal cysteine concentration in the SAA-free pigs, which may explain the lower goblet cell numbers, especially in the jejunum, since goblet cells secrete cysteine-rich mucins involved in the innate immune function of the intestine (41) .
On the basis of these results, we speculate that the high fractional rate of transmethylation and remethylation in all tissue from SAA-free pigs could provide methionine for SAM synthesis. SAM is synthesized from methionine by MAT, which exists through three distinct isoforms: MAT I and MAT III, which are expressed in liver, and MAT II, which is widely expressed in extrahepatic tissue, including the gut (25) . Interestingly, in response to SAA deficiency, MAT activity markedly increased in the small intestine, where it was higher in the jejunum than in the ileum, whereas it was unchanged in the liver. Similarly, SAM levels were much higher in the jejunum than in the ileum after an SAA-free diet. SAM has two main metabolic fates: as the major methyl donor in cells and in the synthesis of polyamines, which play a key role in cell proliferation and expression of growth-related genes (4, 24, 28) . A recent report (11) showed that the MAT2A gene, which encodes for MAT II, was upregulated in human colon cancer cells, and its inhibition led to cell death. These findings indicate that MAT2A gene expression, and hence cellular SAM synthesis, is critical for survival and proliferation in intestinal epithelial cells. Our results suggest that, during SAA deficiency, the upregulation of MAT activity and the increase of SAM concentration in the intestine, especially in the jejunum, may be to maintain epithelial polyamine synthesis for cell proliferation. SAM is also involved in the transsulfuration pathway by activating CBS (33) . Thus the higher SAM concentration in the jejunum than in the ileum in SAA-free conditions may explain the increase in CBS activity observed in the jejunum but not in the ileum.
In conclusion, we show here that dietary SAA deficiency preferentially reduced intestinal growth in neonatal pigs. The suppression of intestinal growth was associated with villus atrophy, reduced epithelial cell proliferation and lower goblet cell numbers, and diminished redox capacity. Isotopic kinetic analyses at the whole body and tissue level show that, under SAA-deficient conditions, methionine metabolism is prioritized in a coordinate manner, such that protein synthesis is preserved over methionine transmethylation and the methionine pool is preserved by upregulation of homocysteine remethylation and suppression of transsulfuration. The suppression of transsulfuration contributed to the diminished cellular cysteine and GSH concentrations and increased oxidant stress, which seemed to preferentially impact intestinal growth, especially in the jejunum. We also show that the methionine flux, and hence metabolic requirement, appeared to be higher in neonatal than infant pigs, but this difference in methionine use was solely attributed to transmethylation and transsulfuration. These results highlight the methionine requirements for metabolic functions, such as methylation and polyamine synthesis during early development, and warrant further study as to the (MS; B) , and cystathionine ␤-synthase (CBS; C) in jejunum, ileum, and liver of piglets continuously enterally fed a control or an SAA-free diet for 7 days. Values are means Ϯ SE of 9 control and 7 SAA-free animals. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001 vs. control. essentiality of these functions for normal growth and development in addition to the canonical role in protein synthesis.
